This paper deals with path planning for autonomous overhead cranes considering load rotation. We present conditions defining interference between rectangular loads and obstacles, and an area in which motion can be performed without interference is determined in configuration space. We then derive a secure path planning algorithm using the potential method based on a 3-dimensional diffusion equation extended to consider rotary motion. A parameter in the extended diffusion equation which suppresses rotary motion is made clear, and its effect is demonstrated. Lastly, we propose a quadratic surface interpolation method for achieving smooth path planning, and its effectiveness is demonstrated through simulation.
Introduction
Many workplaces have overhead cranes that are manually operated by workers for moving materials. The steady maneuvering and positioning of loads is difficult and the task has become one entrusted to proficient operators. However, due to the reduction of personnel budgets in today's work environments and the pursuit of labor efficiency, the establishment of autonomous overhead crane systems which do not require operators is anticipated. In addition, overhead cranes are frequently used to maneuver long objects such as beams, boards and pipes, so working environments in which tall obstacles are distributed demand cranes which can bypass obstacles by rotating loads as well as transport them horizontally. The present research therefore establishes a crane system with path planning which considers the rotation of loads, and control of load position and orientation. This paper discusses the path planning method which considers load rotation.
Path planning is an active topic in the field of robot manipulator research. Results such as a potential method based on the diffusion equation presented by Schmidt et al. (1) , a technique using the artificial potential method presented by You et al. (2) , methods using graph theory (3) , (4) , and research utilizing genetic algorithms (5) , etc. have been achieved, and for crane operating environments containing many obstacles, potential methods are considered to be effective from the perspective of reducing computation time. However, most research concerning path planning has considered obstacles with simple forms given in advance as cylinders or oblong bodies, and little work touches upon applications to obstacle environments obtained through obstacle recognition. Regarding research into path planning for cranes, the authors' group has derived minimum energy, shortest distance transport paths by means of a branch and bound approach (6) .
In this method the obstacles in the transport range are approximated using polygons, and
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Vol.1, No. 1, 2008 transport patterns which take the vertices as sub-goals are efficiently searched for paths which minimize an evaluation function based on practical feasibility. However, this method has the drawback that the number of transport paths grows with the number of vertices, leading to an exponential increase in computation. When attempting to handle the rotational motions tackled in this paper using the aforementioned method, each angle of rotation constitutes a large number of transport patterns, so solving for paths within a realistic timescale is therefore problematic.
The same group has also extended the potential method based on the diffusion equation to 3-dimensions, and derived 3-dimensional transport paths for loads (7) . This method diffuses a virtual substance from the goal point, and generates paths by tracing the concentration gradient back to the start point. Since the deadlock problem which occurs with the artificial potential method does not occur with the potential method based on the diffusion equation, paths can be generated for any environment. However, since these methods approximate all loads as cylinders, when loads are long objects, they are treated as extremely large cylinders encapsulating the load, thus causing some cases when a transport path cannot be identified. In this paper the potential method based on the diffusion equation is therefore extended so that besides the existing positional coordinate system, additional rotational coordinates are included. A path planning method is proposed which includes position and orientation information that it was not possible to obtain with existing research. In Secton 2, interference between the load and obstacles, and the range of possible travel are both determined, extending the configuration space of existing methods which have only positional dimensions to include rotational axes. In Section 3, by applying the potential method to this extended configuration space, path planning which considers both position and orientation is conducted. In Section 4, a quadratic surface interpolation method which generates smooth paths using the direction of maximum gradient is proposed.
This method actively considers load orientation, thus enabling the generation of paths which thread through even tight gaps between obstacles. In this paper, the position coordinates are limited to 2-dimensions, (x, y), in order to facilitate an easy understanding of the proposed method, but it is simple to extend the method to 3-dimensions, (x, y, z).
Collision detection and determination of the range of feasible motion

Determination of collisions with obstacles
In order for a crane to transport its load safely and avoid obstacles in the space between a given start point and goal point, it is first necessary to determine which positions and orientations involve interference with the obstacles. If the load is taken as a rectangle, the following equations give the conditions of interference when the positional relationship between the load and the obstacles is considered in the manner shown in Fig. 1 .
(x p , y p ) is the position of an obstacle, (x o , y o ) is the center point of the load, (l x , l y ) are the dimensions of the load, and θ o is measured around the y axis, where an anticlockwise rotation of the load is given by a positive angle. A right-handed coordinate system is used in the figure, and the z axis is taken as pointing out from the surface of the paper. Equation (1) may be obtained as follows. Firstly, consider the side face of the load, AB. The vector T is a unit vector which follows the side of the load to the right along the internal face of the load, and begins at the point Q(0, l x 2 sin θ o , 0) where the line parallel to the y axis and beginning at the center of the load intersects the edge of the load. P is a vector pointing towards the obstacle from the point Q. If the z component of the cross product , 0), which may be written
, 0) has a negative z component, then the obstacle is in the area on the inside of the extrapolation of face DA. Considering face BC in a similar manner yields the second equation. When conducting interference determination which also considers the heights of the load and the obstacles in 3-dimensional (x, y, z) space, it is sufficient to add the following equation to Eqs. (1) which expresses the interference conditions.
z p is the height of an obstacle, z o is the height of the center point of the load, and l z is the height of the load.
Determining the range of feasible motion
Potential methods for path planning with the objective of avoiding obstacles which utilize a diffusion process have been previously reported (1) , (7) . These methods implement obstacle avoidance by moving loads in the x, y and z directions. In this paper, position and orientation are controlled simultaneously, thus expanding from (x, y, z) to (x, y, z, θ) space. The extension to include the θ axis is an essential quality of the method presented in this paper, so considering the implementation of obstacle avoidance according to both horizontal and rotational motion of the load, the coordinates of the configuration space used in the diffusion process are extended from (x, y, z) to (x, y, z, θ). ( 1 ) The 3-dimensional transport range (x, y, θ) under consideration is partitioned into a mesh, and the obstacles are assigned to the corresponding mesh nodes.
( 2 ) For a given grid point (x o , y o , θ o ), the question of whether the center of the load can occupy the location in question is resolved by applying Eqs. (1) to all of the obstacle grid points that can be reached by the load. If even a single grid interferes then the location is described as an interference point, and indicated with a × mark.
( 3 ) The calculation in step (2) is applied to every grid point apart from those of the obstacles themselves.
The Δh in Fig. 1 is the mesh size in terms of x and y, and is taken as 0.05[m] in this paper. The mesh size in terms of θ is taken as 5 [deg] . Increasing the mesh resolution beyond this point only encourages the computation time to increase, and yields little influence on the paths generated. The positions of the obstacles in Fig. 2 do not depend on the rotation angle of the load, θ, which means that the obstacles always exist in the same positions on the cross section. The paths that do not involve interference with the obstacles exist within the range of feasible motion obtained using the above algorithm. In addition, by increasing the size of the load treated above so that it is larger than the size of the actual load, safer paths may be generated.
Potential method based on the diffusion equation
Derivation of the concentration gradient according to the potential method
In order to obtain safe paths, path planning is conducted from the start point to the goal point using the discretized diffusion process equation (4) based on the diffusion equation (3) . λ is a diffusion-suppression factor introduced to suppress rotation, and is discussed in detail in Section 3.3. The derivation of Eq. (4) is given in the Appendix.
Discretized 3-dimensional diffusion equation:
C(x, y, θ) is the concentration, and C t,i, j,k is the concentration at the grid point indexed i, j, k in relation to x, y, θ occurring at sampling time step t. D(> 0) is the diffusion coefficient, r is a constant such that 0 < r ≤ 1/6 which determines the degree of diffusion. In this paper a value of r = 1/6.5 was adopted, yielding a stable concentration and allowing diffusion to
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[Procedure for calculating the potential value according to the diffusion equation]
( 1 ) As a boundary condition, the concentration at the grid point corresponding to the goal point, G = (i g , j g , k g ), is given as C t,G = 1. In addition, the concentration at all of the interference points (the × marks in Fig. 2 ) and all of the grid points on the perimeter of the configuration space (wall) is given as C t,i, j,k = 0. These concentrations are not updated from step (3) onwards.
( 2 ) As initial conditions when t = 0, the concentration at all the other grid points C 0,i, j,k not mentioned above is given as C = 0.
( 3 ) Based on Eq. (4), the concentration is updated at all the grid points not having interference with the obstacles, i.e., the concentration at the point indexed i, j, k occurring in the next time step, C t+1,i, j,k , is obtained as a linear combination of the concentration at the current time step, C t,i, j,k , the concentrations at the grid points in front and behind on the x and y axes: C t,i+1, j,k , C t,i, j+1,k , C t,i−1, j,k , and C t,i, j−1,k , and also those occurring above and below in terms of the rotation angle θ (offset from the current rotation angle by ±Δθ): C t,i, j,k−1 , and C t,i, j,k+1 .
( 4 ) Calculation (3) is repeated until the termination condition of the diffusion process is satisfied.
The following equation is used for the termination condition of the diffusion process.
C t,S is the concentration at the start point occurring in time step t, S = (i S , j S , k S ). For small values of , when the concentration approaches a steady state, the path tends to be far away from the obstacles, but the computation time is also increased. In this paper we use a value of = 0.05 chosen by trial-and-error, according to which repeating the diffusion process yields little change in the resulting path.
Firstly, in order to grasp the diffusion process according to a simple image, the result of applying the diffusion process without respect to θ in Eq. (4) is shown in Fig. 3 . In the figure, the horizontal axes represent the x and y coordinates, and the vertical axis represents the concentration. The part enclosed by a circle in the figure is the area of the obstacle, and the concentration is prescribed to be 0 according to the boundary conditions. The concentration at the goal point is the highest, (C = 1), and it can be seen that the concentration decreases during gradual diffusion to the start point. Since the obstacles are constrained to C = 0 by the boundary conditions, the perimeter has a shape resembling a cliff. Figure 4 shows the result of applying the diffusion process obtained in Section 2.2 in configuration space while also considering θ. Since this is a 4-dimensional space (x, y, θ, C), arrow marks are used to show the magnitude and direction of the concentration gradient. 
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Determination of obstacle avoiding paths
Safe obstacle-avoiding paths may be obtained by tracking back from the start point to the goal point through grid points with a high concentration gradient.
In Fig. 3 , the path obtained without considering the rotation θ is shown as a thick line. Since the path is determined by always aiming for the direction in which the concentration gradient is high according to the algorithm in this research, so-called steepest paths are selected. Therefore, since they do not draw near to valley or cliff regions where obstacles exist, paths are guaranteed to have a high safety level.
A path produced taking θ into account is also shown in Fig. 2 . To begin with, the load's angle of rotation is θ = 0 at the start point. Since the load is surrounded by interference points around the start point, in the original orientation the load cannot get past the obstacles. Rotational motion is therefore performed (solid line in Fig. 2 ), the load is conveyed through the obstacles (dot-dashed line), and in order to achieve the indicated orientation, the load is once again rotated (dashed line). In this example, there are 21(xaxis) × 41(yaxis) × 72(zaxis) = 61992 grid points. Determining the range of feasible motion and conducting the diffusion process (186 iterations) each required 5[s] of computation time (900 MHz Athlon). Figure 5 shows the path on the x-y plane. It can be confirmed that the transport path involves no interference with the obstacles. However, the path in Fig. 5 cannot be described as smooth, and the path cannot be applied to a crane's load. The method for deriving smooth load paths is stated in Section 4. 
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Control of load rotation
Overhead cranes suspend loads using ropes, so sudden rotations may cause the ropes to become twisted. The period of rope twisting is longer in comparison to oscillations of the load in horizontal directions, and controlling them requires time. It is therefore desirable to avoid obstacles with the minimum possible rotational motion. The value of λ in Eq. (4) may be manipulated in order to suppress rotations. We refer to λ as the rotation suppression factor.
By defining λ = (Δh/Δθ) 2 . Thus, by reducing the rotation suppression parameter λ occurring in the diffusion process, the grid points on the θ axis can be regarded as relatively distant, and diffusion in the direction of the θ axis is suppressed. As a result, it becomes easier for the direction of maximum concentration to follow the x and y axes, and rotation of the load is suppressed. Moreover, according to von Neumann's stability analysis (8) , in order for the potential field to settle stably, it is necessary to select a rotation suppression factor in the range 0 < λ ≤ (1/2r) − 2. Figure 6 shows the result of generating paths with the setting λ = 0.01, and may be compared with Fig. 7 , which shows the rotation at each grid point when λ = 1. Comparing the transitions of the load rotation angle θ with the case of λ = 1 in Fig. 5 , despite the fact that the number of intermediate grid points up to the goal point is the same, Fig. 7 reveals that the rotation angle θ is suppressed enough to limit the maximum rotation to 30 [deg] . Thus, by reducing the value of λ, redundant rotational motion is suppressed and the generation of trajectories with reduced transport times may be expected. 
Quadratic surface interpolation method
In the potential method based on the diffusion equation, the potential field is generated by assigning a discretized space for the diffusion process. During path generation, the method which selects the discretized grid points with the highest concentration, as stated above, requires a mesh with a fine resolution in order to obtain smooth paths, and the computation time grows according to a power series. In this paper, we therefore propose a new algorithm for estimating the direction of highest concentration known as a quadratic surface interpolation method. This method is an extension of the 2 nd order gradient interpolation method of
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Vol.1, No. 1, 2008 Schmidt et al. so that it may be applied to a 3-dimensional configuration space. First, consider a sphere of radius R centered at an arbitrary position (x, y, θ) within the potential field shown in Fig. 8 . The point (x f , y f , θ f ) on the surface of this sphere is given by the following equation in terms of its azimuth φ and elevation ψ. Considering the concentration distribution C(φ, ψ) on the φ-ψ plane formed from φ and ψ, and supposing it has a form like the quadratic surface in Fig. 9 , then the C(φ, ψ) map be expressed as a 2 nd order function of φ and ψ.
a, b, c, d, e are unknown parameters expressing the concentration distribution. Denoting the azimuth of maximum concentration by φ max , and likewise denoting the elevation by ψ max , since ∂C/∂φ = ∂C/∂ψ = 0,
In order to determine the unknown parameters in Eq. (7) and obtain the direction of maximum concentration, it is sufficient to select a set of 5 values of C(φ, ψ), and solve the 5-dimensional simultaneous quadratic equations in terms of a ∼ e. The angles φ and ψ are partitioned by ξ as shown in Fig. 8 , yielding an evenly spaced lattice on the surface of the sphere (dashed lines in Fig. 8 ). When the point on this lattice with the highest concentration (marked • in Fig. 8 ) and the neighboring 4 points (marked • in Fig. 8 ) are selected (a total of 5 points), the direction of highest concentration φ max , ψ max is given by the following equations.
Vol.1, No. 1, 2008 φ m and ψ n are the azimuth and elevation of the lattice point with the highest concentration, and C m,n is the concentration at this point. If movement from the start point is always made in the direction of highest concentration φ max , ψ max , then trajectories generated which avoid the obstacles are also smooth. In addition Eq. (9) can be easily obtained by relating the 5-dimensional simultaneous quadratic program given by Eq. (7) with Eq. (8). However, it is not guaranteed that the lattice point given by φ and ψ occurs as a point on the grid described in Section 3. It is thus necessary to obtain the concentration C(φ, ψ) by interpolating already known grid point concentrations in its neighborhood. The concentration at an arbitrary point C(φ, ψ) in concentration space such as that shown in Fig. 10 may therefore be derived using the following equation.
i, j and k are the grid indices on the x, y and θ axes respectivey, and C i, j,k is the value of the concentration at grid point (i, j, k),x = (x + R cos φ cos ψ)/Δh,ŷ = (y + R sin φ cos ψ)/Δh, andθ = (θ + R sin ψ)/Δθ. Eq. (10) is a linear interpolation of the concentration values at the 8 grid points surrounding C(φ, ψ). The procedure for generating paths according to the quadratic surface interpolation method is summarized below.
[Path generation procedure using the quadratic surface interpolation method]
( 1 ) For a given obstacle environment and target delivery point C t,G , the computation of potential values based on the diffusion equation is continued until the termination conditions are satisfied.
( 2 ) Setting the sphere radius R and the partitioning angle ξ, the start point is input into the current point (x, y, θ).
( 3 ) On the surface of the sphere of radius R centered on the current point (x, y, θ), the azimuth φ and elevation ψ are each equally partitioned by ξ, thus determining a lattice.
( 4 ) For each lattice point, the concentration is obtained from Eq. (10), and the lattice point with the highest concentration is selected from among them, along with the 4 surrounding lattice points.
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( 6 ) The current point is moved by just a small distance d in the direction of highest concentration. If the current point is sufficiently close to the target point then the procedure is terminated, otherwise it repeats from (2) .
Since increasing the radius of the sphere R has the effect of using concentrations which are far away from the current point, it is possible that nearby obstacles may end up being ignored. For this reason, suitable values of R are the same or slightly larger than the size of the potential field grid. Also, setting ξ to a small value tends to produce paths which are close to the largest concentration grid points, while setting it to a large value tends to produce smooth paths.
For the potential field shown in Fig. 4 , the results of path planning using the quadratic surface interpolation method are shown in Fig. 11 . The sphere radius in this example was set to R = 0.05[m], the partitioning angle was ξ = 20[deg], the distance taken in each step was
, and λ was set to 0.01. Comparison with the grid of highest concentration selected in Fig. 6 reveals a trajectory which is more or less the same, but the generated path is smooth. Table 1 shows the sum of the transport distance and rotation angle for each method. The sum was calculated by taking the absolute value of the distance and angle at each step (one step was taken to be an advance by the small distance d) and taking the total over all steps.
Since the paths are smooth under the quadratic surface interpolation method, the transport distance was about 5-10% shorter. It is thought that this is due to the fact that paths which only move in the directions of the x and y axes on the highest concentration grid often include redundant movement. Also, for both methods the total angle sum is smaller when λ = 0.01 than when λ = 1, thus confirming the effective suppression of rotation. It can therefore be concluded from the above results that the suppression of rotation using the rotation suppression factor λ, and the paths generated using the quadratic surface interpolation method can be used effectively for crane load trajectories. One method for estimating the direction of maximum concentration is the steepest descent method (9) . For the two dimensions x and y, this method updates the current position x (n) , y (n) to the next position x (n+1) , y (n+1) using the following equation.
Vol.1, No. 1, 2008 l = (∂C/∂x) 2 + (∂C/∂y) 2 , C is the concentration of the potential field, and d is the length of one step. This method is simply a first order Taylor expansion around x (n) , y (n) . The quadratic surface interpolation method proposed in this paper approximates the direction of maximum concentration using the quadratic shown in Eq. (7), and is consistent with a second order Taylor expansion around the point moved by a distance R to the direction of maximum concentration φ max , ψ max . Setting R = 0 in this method and performing a first order interpolation yields the same result as [9] .
Conclusion
Considering the interference that occurs between long loads and obstacles, existing potential methods were extended to include the concept of rotation, and an obstacle avoidance path planning method which considers load position and orientation was proposed. In addition, by introducing a rotation suppression factor λ into the diffusion equation it was made clear that obstacle avoidance paths which suppress rotation of the load could be derived. Furthermore, as a method for obtaining smooth paths from discretized potential fields, the quadratic surface interpolation method, which extends the second order gradient interpolation method, was proposed. By integrating these methods it was possible to derive safe transport paths with little redundancy for crane systems supporting the rotational motion of loads.
Appendix
The 3-dimensional diffusion equation is given below.
∂C(x, y, θ) ∂t
Taking the sampling time as Δt, the resolution of each grid axis as Δx, Δy, and Δθ respectively, and the differences based on the forward differences of the term related to time on the left hand side of the equation above, and the central differences of the term related to time on the right hand side, is formed, and Eq. (4) may be obtained.
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